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Abstract

We describe the next set of experiments proposed in the U.5. Heavy Ton Fusion Virtual National Laberatory, the
so-called Integrated Beam Experiment (IBX). The purpose of IBX is to investigate in an integrated manner the processes
and manipulations necessary for a heavy ion fusion induction accelerator. The IBX experiment will demonstrate
injection, acceleration, compression, bending, and final focus of a heavy ion beam at significant line charge density.
Preliminary conceptual designs are presented and issues and trade-offs are discussed. Plans are also described for the
step after IBX, the Integrated Research Experiment (IRE), which will carry out significant target experiments.
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1. INTRODUCTION

The U.S. program in heavy ion fusion is currently embark-
ing on an ambitious set of experiments (Logan et al., 2002)
that focus on critical areas of a heavy ion fusion driver.
Sources and injection {on the Source Test Stand, STS500;
Ahle et al., 2003), transport at high line charge density (on
the High Current Experiment, HCX; Seidl et al., 2002), and
neutralized final focus (on the Neutralized Transport Exper-
iment, NTX; Henestroza ef af., 2003) will each be studied.
This article focuses on the next set of proposed experiments,
the so-called Integrated Beam Experiment (IBX). In Sec-
tion 2, we will discuss the purpose of IBX, which, broadly
speaking, is to investigate in an integrated manner the pro-
cesses and manipulations necessary for a heavy ion fusion
induction accelerator. These experiments will demonstrate
injection, ncceleration, compression, bending, and final fo-
cus of a heavy ion beam at significant line charge density.
The scientific goals of IBX came about as a result of two
workshops, whose conclusions are briefly discussed. In Sec-
tion 3, two point designs from the second workshop are
described and some design considerations are discussed that
outline some'of the constraints on the proposed accelerator.
[n Section 4, the design equations are presented. In Sec-
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tion 5, we discuss plans for the step after TBX, the Integrated
Research Experiment (IRE}, which will carry out signifi-
cant target experiments, and which will provide the basis,
along with results from the inertial confinement fusion pro-

gram, to proceed to an engineering test facility for inertial
fusion energy.

2. THE SCIENTIFIC GOALS OF THE IBX

Two workshops were held in 2001 that helped define the
IBX scientific mission: The first was the Heavy Ion Fusion
Science Workshop held May 30-31, 2001 at the Lawrence
Berkeley National Laboratory that examined the critical is-
sues facing heavy ion fusion generally. The workshop com-
prehensively identified and prioritized the scientific and
engineering issues of the induction linac approach to heavy
ion fusion In the second workshop (the so-called IBX work-
shop) held October 9-10 (cf. Celata, 2001), the discussion
began regarding the IBX science mission and beam param-
eters. Prior to the IBX workshop, study groups were formed,
focusing on specific physics and engineering areas and two
illustrative designs were worked out {Barnard et al., 2001a;
Lee, 2001). )

Not all of the goals given high priority in the science
workshop will be uddressed on IBX, as many will be ad-
dressed in the near-term experiments, HCX, ST§-500, and
NTX, or later on the IRE. The main goals to be achieved on



- 554

IBX can be divided into three broad areas: integrated phys-
ics, longitudinal physics, and transverse/longitudinal cou-
pling physics. Integrated physics includes a demonstration
of injection, acceleration, compression, bending, and focus-
ing of a heavy ion beam at line charge density similar to the
initial stages of a driver, so that physics invalving inter-
dctions of beam ions with walls, residual gas, and stray
electrons may be assessed. In parallel, simulations of a three-
‘dimensional (3D) beam from source to target, predicting
final spot radius, and current profile on target would dem-
onstrate an integrated theoretical understanding, Longitudi-
nal physics includes the physics of drift compression and
stagnation. Stagnation here means the process whereby the
longitudinal electric field of the beam’s space charge is used
to remove the velocity tilt at precisely the point where the
beam passes through the final focus and hence minimizes
chromatic aberrations of the spot. Measurement of the ve-
locity tilt and velocity spread remaining after compression
by a factor of ~10, will be a key goal. The physics of
longitudinal heating during acceleration and compression
will be another focus. The third area to be explored is
transverse/longitudinal coupling physics. The large veloc-
ity tilt required to compress the beam alsc manifests itself in
the transverse dynamics, and so a number of topics related
to coupling will be examined: matching and beam control
with velocity tilt and acceleration, time dependent final-
focus correction physics, bending physics, the transverse/
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longitudinal temperature anisotropy instability, and beam
*end” physics,.

3. TWO ILLUSTRATIVE CONCEPTUAL
DESIGNS FOR IBX

In designing an accelerator with the physies goals described
in Section 2, certain practical decisions need to be made. In
carrying out the “straw man™ or preconceptual designs in
Barnard et al. (2001a) and Lee (2001) these decisions
translate into certain design stategies. Among these are:
maximize driver-relevant manipulations and beam physics
to the extent possible; configure the machine to be able to
carry out compression experiments in the drift section, but
also to be flexible enough to carry out bunch compression
and acceleration experiments in the accelerator itself; phys-
ics experiments are to be given higher priority than engi-
neering demonstration (so technology limits are not pushed);
and finally, simplicity should be stressed, maximizing mod-
ularity, so the project will fall within a cost envelope of
approximately $50 million, the expected available project
cost for a proof-of-principle experiment at this stage of fu-
sion energy development. Using these considerations and
the design equations in Section 4, the two teams indepen-
dently obtained illustrative point designs, Figure 1 illus-
‘trates some of the more important parameters of the two
point designs.

Short pulse case:  Pulse duration: 250 ns = 25 ns 15m
(ret. 6) Final energy: 10 MeV lon; K* 10 MeV
Total half-lattice periods (hip): 148 30 hlp;
Total length: 64 m 1 beamline Cost: ~38 M$ Compress
2m by factor
1.7 MeV 40 m; 1.7 - 10 MeV; 108 hip; 250 ns - 250 ns. of 10;
250 ns ?Im quww‘; 25 ns;

Veloci 90° bend

4 : sion/
1.7 MeV 37.3m; 1.7-18.4MeV; 84hlp; 2us-0.3us 5€ on
2us 18.4 MeV
90 hip; .~
Compress
“l.onger” pulse case (ref. 7): g}’ ;?cmr
Pulse duration: 2us -> 50 ns 50 n,s; BGhT
Final energy: 18.4 MeV lon: K* 180° g nz
Total half-lattice periods (hip): 218 bend

Total length: 75.3 m 4 beamlines Cost: ~66 M$

Fig. 1. Layout and parameters of the two illustrative physics designs for the 1BX. Parameters for the short pulse design in Lee er af.
{2001) are nbove the sketch, and purameters for the longer pulse case in Barnard er !, (2001a) are below the sketch. Also note, that in
Barnard er af., the bend extends for 180°, rather than 90° as indicated in the figure.
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3.1. Commonalities of the two designs

There are many commonalities to the accelerator point
designs in Barnard et al. (2001a) and Lee (2001). The de-
signs each consist of a number of sections where the beam
undergoes a particular manipulation (such as the imposition
of a velocity tilt or acceleration). Following the injector,
there is a section that imposes an initial velocity tilt on the
beam needed for bunch compression in the accelerator. This
is followed by the main accelerator, followed by a shaping
and velocity-tilt section where the current and velocity pro-
files are tailored to provide the correct initial conditions for
the transfer of the beam into the drift-compression section.
The beam is then bent and compressed in the drift-
compression section, before it passes through the final fo-
cusing magnet section. Here the beam is expanded before its
final convergence in the chamber section, where the beam
space charge is neutralized before it arrives at the target with
a spot size of a few millimeters. Both designs allow for
testing of virtually all of the beam manipulations required in
a driver, at line charge densities comparable to the initial
line charge densities found in a driver. The dlscreteness of
the sections in these point designs is largely due to concep-
tual simplicity. In more mature designs, the transitions would

be more seamless, and, for example, the velocity tilt and

shaping that follow acceleration would more likely occur in
the accelerator itself. '

Both preconceptual designs assume an ion species of sin-
gly charged potassium {atomic mass 39), an initial injection
energy of 1.7 MeV, and an initial current of 0.69 A. This is
based on extensive experience with potassium sources and
the 2-MeV ESQ injector, together with the desire io create a
single beam with the line charge density similar to what will
be needed for a driver beam. Magnetic-quadrupole transport
was chosen throughout both accelerators, as this choice has
been made for the medium- to high-energy end of driver
accelerators, and hag largely been unexplored at these large
line charge densities.

The principal differences in the two preconceptual de-
signs are the initial pulse length and the consequences on the
accelerator arising from this difference. Some induction linac
heavy ion fusion power plant driver designs require initial
pulse lengths as long as 20 ps. However, electron induction
linacs have pulse lengths of the order of 10s of nanoseconds.
In this article, “short” is relative to the pulse length of present
experiments that have pulse durations of a few microsec-
onds. The “longer” pulse design, although still shorter than
4 driver or many present experiments, has an initial flattop
pulse duration of 1 us, and a total pulse duration of 2 us,
whereas the “short” pulse design has an initial flattop pulse
duration of 200 ns, and a total pulse duration of 300 ns.

3.2. Arguments in favor of short pulse

There are two principal arguments in favor of a short pulse.
A short pulse allows a shorter drift compression section and
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short pulse requires fewer volt-seconds for a fixed final ion
energy {and hence smaller induction cores). To understand
the first argument, we may examine the scaling of a pulse
with an initial parabolic distribution of current. and hence
perveance Q: Q = Quux (1 — 4A2Y 12 nen ), Where Oy, is the
perveance at the center of the bunch and hence is an evolv-
ing function of time, Az is the longitudinal position relative
to the bunch center, and I, i the full length of the bunch.
The longitudinal electric field £, is assumed to be approxi-
mately given by E, = —(g/[4rey]}dA/dAz where A is the
line charge density, gq i the free-space permeability, g =
21nr,/a, r, is the radius of the beam pipe, and a is the
average beam radius. For these estimates, g is assumed to be
constant, and it is also assumed that the space charge re-
moves the velocity tilt at the end of the drift distance (to help
mitigate the effects on the spot size of chromatic aberra-
tions}). A self-similar integration of the cold one-dimensional
(1D) fluid equations yields a required velocity tilt Au/u at
the beginning of drift compression glven by '

ufo = (sg.,gcc—i)) )
and a requlred dnft distance d g1ven by _ : .
s, (1 - 1/C)/(Au/u) | ®

-Here Q. and [, are thc perveance and bunch length at the

end of the accelerator, respectively, and C is the ratio of
bunch length at the end of accelerator to the final bunch
length, Although the actual pulse format used may not be
parabolic, the scaling of velocity tilt and drift length are
likely to be similar to a more exact calculation, Our science
goals suggest that a final accelerator perveance Q,, of 1075,
and a minimum compression ratio of 10 would be desired.
With the variation of g limited, the initial velocity tilt will be
of the order of 10% and will be insensitive to the pulse
length, but the drift distance is directly proportional to the
bunch length. Hence, cost savings can be accrued in the drift
compression if the physics goals can be met with a shorter
pulse,

The second advantage of short pulse is that fewer induc-
tion core volt-seconds are required for fixed final ion en-
ergy. From Faraday’s law, the core cross-sectional area A
times the material saturation magnetic field AB is propor-
tional to the applied voltage times the pulse duration. The
volume of the cores, and hence the mass of ferromagnetic
material, is proportional to A for small outer radii and A® if
the outer radius becomes large compared to the inner radius.
The engineering design is greatly simplified when the cores
are smaller and more manageable, and the cost of the core
material itself is greatly reduced. Although the loss rates per
unit volume, Lo, increase as At decreases (at waorst being
proportional to (dB/dt)* At ~ 1/At), the volume of mag-
netic material decreases as the pulse duration i§ decreased,
thereby decreasing the total loss and reducing the total stored
energy required for the pulsed power.
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There are also some issues raised by going to very short
pulse. The short-pulse option would reduce the ability to
study potential electron/gas problems, because ions de-
sorbed from the pipe walls require a large fraction of a
microsecond to reach the beam. The long-pulse portion of
the driver (the low energy end) would not be madeled well
by this experiment, but it does model well the high-energy
portion of the driver. (The issues for the low-energy end of
a driver are well studied in HCX and STS500 so the need to
study them again in IBX may be minimal.)

Some have argued that the diagnostics for a pulse length
less than 100 ns may be expensive. Detailed cost estimates
need to be made, but the time regime for the short pulse
design is very similar to electron induction accelerators.
There are differences between electron and ion diagnostics,
but it does not appear to be a fundamental problem. The
most serious concern for the short-pulse design is the simul-
taneous requirement of a 200-ns flattop pulse and the re-
quirement of a current of 0.69 A of K* at 1.7 MeV. For a
simple planar diode, the Child-Langmuir law, yields a cur-
rent of (1/9) (dmeg) (g/m) "2 (a/d)*V3/?, where g and m are
the ion charge and mass, respectively, a is the radius of the
source, d is the gap distance, and V is the voltage across the
gap. Optics considerations generally require a/d << 0.3 (Kwan
et al., 2001), so to obtain a current of 0.7 A of K* requires a
voltage of atleast 280 kV. To avoid breakdown, an empirical
expression (cf. Kwan et al., 2001} relating the maximum
voltage V., allowed for a given gap separation d is com-
monly employed. This expression is

for d <d,
for d > dy,

€)

max

- vh(d/db)
IR ACT AL

where V, = 100 kV and d, = 0.01 m. This relation suggests
that for a 280-kV gap, the minimum distance d for this dicde
would be 0.078 m. Gererally, to avoid transients in the
current pulse, the flattop pulse duration must exceed the
transit time of a particle through the gap (cf. Lampel &
Tiefenback, 1983), given by 0 = 3d(m/2qV) "2 Ford =
0.078 m, V=280 kV, and singly charged K™, f,,,. = 200 ns,
so controlling transients and forming a flat usable current
pulse needs to be carefully studied. One way to minimize
transients would be to reduce the gap length (reducing the
transit time), keeping the voltage constant, This would in-
crease the voltage gradient beyond what is given in Eq, {3).
But this has been successfully carried out on the injector for
the RTA electron induction linac experiment at the Law-
rence Berkeley National Laboratory (LBNL), possibly as a
result of incorporating a sclenoidal field to help prevent
breakdown. This type of injector is slated to be investigated
in more detail in fiscal year 2003, to see if & short pulse,
single source injector would be feasible for IBX.

Another option, which would be manifestly compatible
with short pulse, would be a multiple-beamlet injector, cur-
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rently being investigated for use on an a heavy ion fusion
driver or Integrated Research Experiment (Kwan et al.,
2001). Each beamlet would be millimeter scale in radius, so
transients would occur on a much shorter time scale. The
development time for the multiple beamlet injector, how-
ever, will perhaps be longer than would be acceptable for
inclusion in the IBX.

3.3. Additional differences between the two
preconceptual designs

Besides pulse duration, the two reference designs differed in
other ways.

3.3.1. Doublet versus singlet

In Lee {2002), the initial lattice period was based on the
actual magnet design of the HCX (Sabbi et al., 2001; Seidel
et al., 2002), so a syncopated lattice was introduced that
allows for one longer drift space per lattice period for
diagnostics, with minimal current reduction, This doublet
configuration was maintained until 4.58 MeV, after which
normal focus-drift-defocus-drift {FODO) focusing was used
with equal drift spaces between quads. In Barnard et al.
(2001&), a longer initial lattice period was chosen to ac-
commodate separate cryostats for superconducting mag-
Tnets, and a larger pipe radius was chosen to accommodate
the reduced focusing,

3.3.2. 1versus 4 beams

The Barnard ez af. (2001a) design is a single-beam accel-
erator for simplicity and cost savings, whereas in the Lee
(2001) design there are four beams to gain additional expe-
rience with multiple beams. The number of beams was not
fundamental to either design and costing has been estimated
in Meier et al. (2001) for versions with both one and four
beams. The consensus of the IBX workshop was that the
IBX should initially be a single-beam facility, but that the
induction cores should have a large enough inner radius to
accommodate four to nine beams, for a possible future
upgrade,

3.3.3. Identical half-lattice period versus variable lattice
As the beam energy increnses in a magnetic focusing
system, the lattice period can be increased, as the focusing
requirements are reduced. In Lee (2001), the lattice period
increases as V '/ until 4.58 MeV, and then increases as V /4
to 18.34 MeV. In Barnard et al, (2001a), modularity was
taken to a greater extreme, as the lattice half-period was held
constant throughout the accelerator. This allowed identical
magnets, as well as identical induction cells. This modular-
ity advantage would be traded off against more half-laitice
periods. More detailed estimates of engineering effort and
fabrication costs required for different magnet and cell
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designs will be needed before choosing which of these strat-
egies would be employed.

3.3.4. Compression schedules

In Lee (2001), a single compression schedule is sug-
gested in which the line charge density was constant in the
doublet section, and increased by a factor of two in the FODO
section and by a factor of six in the drift section. In Barnard
et al. (2001a), the strategy is to use different compression
schemes when studying different aspects of accelerator phys-
ics. Each compression scheme can be characterized by the
exponent o, where the bunch length  ~ V*2 (see Tables 1
and 2). For example, to examine drift compression, the ac-
celerator itself may operate with a simple “compression”
scheme such as constant current {a, = 0.5), Under that sce-
nario, the current and pulse duraticn would remain constant,
and so0 the bunch length would actually increase within the
accelerator. But in the drift compression section, a factor of
10 bunch compression can take place, with a final perveance
that would still be no higher than 10~ On the other hand, to
investigate acceleration and compression within the accel-
erator, bunch compression (with a; = —().25) by a factor of
0.64 would take place within the accelerator, but compres-
sion of a factor of only three in drift compression would be
possible, The scenarios were constructed such that only the
voltage waveforms needed to be modified for different com-

P}

pression schedules; the focusing wonld accommeodate all four
of the scenarios.

3.3.5. Cost '

In Meier er al. (2001}, an approximate estimate of the
costs of the short and longer pulse design was obtained.
Estimates of the amount of ferromagnetic core material
were made, and total cell costs were assumed proportional
to weight, with the proportionality constant set by adopt-
ing the same coefficient as was found in the Dual Axis
Hydrodynamic Radiography Test (DAHRT) accelerator now
undergoing commissioning tests, and the Relativistic Two-
Beam Accelerator experiments at LBNL, and detailed en-
gineering costs of a previously proposed acceletator ILSE.
Superconducting quadrupole and cryostat costs are based
on work done by Sabbi et al. (2001). Pulsed magnet op-
tions were: also costed. Pulsed power costs were based on
the sum of stored energy and switching costs. Energy re-
quirements were estimated from core losses, based on cal-
culated core volumes and pulse durations. Spark gaps were
chosen as the high power switch based on lower cost. The
higher price of capacitors per joule in the short pulse case
was included in the estimate. The cost estimates suggested
that the one-beam short pulse design would have a total
project cost (TPC) of ~$38 million, whereas the four-
beam longer pulse design would have a TPC of ~$66

Table 1. Summary of parameters for "short” and "“longer” pulse conceptual design

Shert pulse desizgn

. Longer pulse design

Parameter Barnard et al. (2001a) Lee et al. (2001)
Acecelerator length (m) 25 . 25
Nutnber of half-lattice periods 84 192
Volt-seconds per meter {current flattop) 0.0667 0.40
Initial puise duration (flattop; ns) 200 1000
“Ear” rise and fall time {ns) 50 500
Voltage increment per klp (kV) 100 45
Half-lattice period (m) 0.3 0,225
dV/dys (average gradient) (MV/m) 0.3333 0,200
Quud accupancy 0.449 0.449
Quad length (effective; m) 0.1347 0.101
Pipe radius (m) 0.04 0.0295
Quudrupole gradient (T/m) 40.9 60
B at beam pipe radius (T) 1.61 177
Short pulse design Long pulse design
Finul Final
Initial {end of accelerator) Initial (end of accelerator)
Energy {MeV) 171 10.04 1.71 18.4
Phuse advance per peried (oy; degrees; midpulse) 72 28.07 67.5 67.3
Velocity/c 8 0.0097 0.0235 0.0097 0.0318
Rigidity [Bp] (T-m) 1.176 2.8495 1176 3.85
Current (A) 0.692 0.69-2.6 0,692 6.56
Beam radius (cm) 1.83 1.2-23 1.24 1.24
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Table 2. Parameters for different compression schedules in the accelerator for the shart pulse design (Lee ef al.,

2001)

Cuonstant Parabolic pulse Constant bunch Bunch

curreni shiping length comprassion
e d Vidy ~ vV 0 ¥} 1y} 0
z? foynen ~ V™2 L5 0,25 ] —{L.25
ay L~y (; ] { 0}
Initian) pubse duration (ns) 200 0 200 200
Final polse durition (ns) 200 12K 43 53
Finat buneh Jength (m) [ (LY .58 0.37
Final perveance/(£07) (1.4 1,367 12 3.31
Finad beam radiug fem} 1.23 1,449 1.83 220
Initis] velocity tilt f 00,0283 0.0567 .083
Final veloeity tilt 0 0.0075 0.00u63 (L0093
Initial virltige tilt [RV) { PIRY IPER) 29018
[aitial veltage tilt (Vg = Vs maintenanee: kV) 1} |4 [} —-4,15
Final voltage 111 T Vg, — Vs mainteninee; KV H] .38 ¢] —{).463
Enitiad car valtage per lintl lattice period (§V) 13.6 13.6 13.6 13.6
Final ear voltage per hall fanice period (kV) 144 437 3.62 6,33

million, and the one-beam version of the longer pulse de-
sign would have o TPC of $57 million. Because pulse
duration was not the only variuble in the two designs, and
the costs an designs are very rough, one should only infer
that the cost and physics goals are not unrealistically out
of line,

4. DESIGN EQUATIONS

In both Barnard er af. (2001¢) and Lee (20041), alpebraic
relations were used 1o specily the kattice clements. We sum-
murize below the major equations that specify the lagice
(see, e.g., Lee, 1995).

The Fattice parameters are related tothe undepressed phase
advanee oy, per Lutice period approximutely by the refation
{Lec eral.. [Y83)

. . onhLt L AU
my =121 _E“Hmll’”-:[h’—p](l_? . {4}

Here. 87 15 the magnetic quudrupole gradient, 7 is the frac-
tion of the half-lattice period oceupied by the elTective mug-
net length, L is the hali-lattice period. and [8p] is the ion
rigidity. Stubility for space-churge-dominated beams re-
yuires oy to be less than ~83°,

The equilibrium envelope equation relates the meun beam
radius to oy, L. the unnormalized beam emittance &, and the
generalized perveance Q. (In the nensrelativistic limit, @ =
A/(47EV ), where ¢V s the jon energy). This gives

== - (5)

The velacity tilt Av = v, — v, is defined as the difference
between the velocity of the wil v, und the velocity of the

head vy, at a lixed focation, . along the aceelerator. 1 it is
assumed thut the bunch length varies continuously with the
ion energy, and the eneray varics continuously with z, then
Ap is related to the voltage gradient o V/ely and pulse length

/by
Ap LU Vodl
S V(L)L vy “
u dy \V N2 dV

Here v is the velocity of the midpulse.
In the continuous half-ladice approsimation, the number
of half-lattice periods o increases us

i i

— = (7)
dy L

ek the energy ¢V ois relaled to the vollage gradient through
the equation

Vv
— 1. ()

Vinl =
(\ Vi !J’.\'

The total number of volt-seconds required to aceelerate the
Hattop of the pulse per half-lattice period is

d{AVALY  dV (I) )

e dy \ov

The additiona! volinge mdded to the beginning and end of the
acceleration voltage required to keep the beam confined
lengitudinally against its own space charge is known as the
“ear” voltage, Using the “g-factor model.” applied to a cur-
rent pulse with quadratic current Falloff, the required volt-
age increment per half-lattice period is given by

Rt
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2g f\ﬂ.u L

Avﬂ = T .
' d7eg BeAt (19)

To maintain the velocity tilt implied by Eq. (6), a voltuge
increment of the tail relative to the head per half-fattice
period must be applied, given by

d(2VApfy)
AV, = 0 L. {11)
s

To obtain a specific physies design, additionat assump-
tions are mude. The voltage gradient, bunch tength, and

half-lattice period are all assumed to vary as o power of

the voltage (defined us the beam energy/ion charge); dV/
dy ~ VO lnen ~ V7 Lo~ Vo Using the equutions
abuve, constraints can then be pluced on the exponents o,
@1, ey, Also, the pipe radius rp has been held constant (in
both designs) for engineering simplicity, but this assump-
tion has been relaxed in the drift compression section. The
magnet length 7L has ilso been assumed (in both designs)
1o be constant o allow lor more modularity and hence
reduced engineering and Fabrication costs. In the short puise
design, this modularity was extended to include a constant
lattice periad, and a constant cell design. Thus d{ AVA7)/du
is constant in the short-pulse design so the vollage inere-
ment per half~luttice period is held constam {single cell
flavar). Table 1 summarizes major purameters of the linac
portion of the illustrative designs bused on these scaling
laws, und Tuble 2 illustrates major beam parameters for
the short-pulse design of Barnard ef af. (20014).

5. PARAMETER RANGES FOR THE IBX

The two point designs in Baenard er af. (2001a) and Lee
(2001 give some confidence that o machine capable of
carrying out the seientific goats of Section 1 can he manu-
factured within the expected cost envelope. At the IBX work-
shop a consensus based on scientific gouls was obtained by
three independent working groups on the energy {10-20
MceV), the ion species (IK*), the final line chirge density
{1=2 pA/m). the minimum bunch compression necded
(=100, a final perveance of <107, and initiyl pulse dura-
tion of between 0.2 and 2 us. [n some sense., the two puint
designs spunned the consensus parumeter s[Hce.

6. LOOKING BEYOND THE IBX: THE IRE

With the insertion of an additional experiment (the IBX ) into
the experimental sequence leading to a heavy ion driver, the
planned final pulse energy for the Integrated Research Ex-
periment (IRE) has been increased o atlow for more sub-
seantial target heating experiments. [n Barnard er o/, {20015),
A possible 200-MeV. 32-beam, K¥ 30-kJ IRE is described.
Recentconsiderations (Lee, 2002), have sugaested that a con-
siderable benetit to the turzet experiments could be achieved
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by going to 1 800-MeV, Rb ™, 250-kJ IRE. The total induction
cell volt-seconds of such a machine might be ~3 times that
of the Barnard ef «/. (20015) machine, even though the pulse
energy was increased by nearly an order of magnitude. De-
tailed cost and physics designs of a more advanced IRE have
not yet been carried out.

7. SUMMARY AND CONCLUSIONS

We have begun the process of defining the scientific goals
and major accelerator parameters for the next heavy ion
fusion induction accelerator, the [BX. The IBX will be an
integrated lest of most beum manipulations now being con-
sidered for un induction HIF driver. The enerzy will likely
be between 10 and 20 MeV, with a final tine charge density
of ~1-2 uC/m, and a bunch length compression of a fuctor
of approximately 10. The beam will be focused to a spot,
and the broadening of the beam spot from all of the pro-
cesses that could potentially degrade the beam quality, in-
cluding errors in acceleration, compression, focusing, and
neutralization, will be assessed. [t will be the first integrated
experiment to carry out such a complete set of operations
needed for HIF. The IBX will set the stage for the second
integrated experiment on a larger scale, the IRE, where
target heating experiments will be carried out. The IRE will
lay the sroundwork for the first engineering test fucility on
the pathway to a heavy ion driven inertial fusion energy
power plunt.

ACKNOWLEDGMENTS

Waork wais performed under the auspices of the U.S. Department of
Encray under contract DE-AQI3-TOF00UE at the University of
Culifornia LBNL, contract W-TH)5.ENG-48 e the University of
Culitornia Lawrenee Livermore Natiunal Laboratory, and contruct
DE-FGO2-93ER4Y 1Y at the Princeton Plasma Physics Laboratory.

REFERENCES

AHLE, L., Grori, Do & Kwan, L (2002), Developing high current
and high brightness beams tor HIF injectors. Laser Part. Bodms
20, 603--608.

Baksarn, L. Anve, L., Freoyman, A, Kwan, L. Logan, G..
LEE, E.. Lunb, S., Meizr, W,, SAnst, G., Sitarr. W., SHUMAN,
D., WaLpron, W, Qin, Ho & Yu, S (20010, IBX straw
person design: Short pulse option. Proc, HIF-VNL Integrated
Beam Experiment Workshop, p, [91-211.

Barnarn, L1, AnLE, LEE., BANGERTER, R.O., BIENIOSER, FM.,
CrraTta, C.M., FaLTENS, A., FuEDMAN, A.. GroTe. D.P,
Hauer, L, Henestroza, B, Kisues, R.AL pe Hoon, ML
KaARrPENKG, V.P.. Kwan, W, LEE, E.P, Logan, B.G., LUND,
3.V MEER, W.R., Mowvik, A.W., SancsTER T.C.. SEiDL,
FA, & SHare, W.ML (20015). Planning for an integrated re-
search experiment, NMucl. Instrnm Methods Phys, Res. A 464,
621,




560

Cerata, C. (Ed). (2001). Proc. HIF-VNL Integrated Beam Ex-
periment Workshop,

Henestroza, B, Yu, S.8., Evion, 5., ANDERS, AL, SHare, W.,
Errummion, P, Giusax, E., WeLen, D, & Rose, D. (2003).
Neutralized transport of high intensity beams. Particle Accel-
erator Confernece (APS, IEER) WPPGOI1-L

KwanN, LW., AuLs, L., Beck, D.N., BIENIOSEK, FALTENS, AL,
Guore, DR, Hanaxa, E., Henestroza, B, HerrMmanNs-
FELOT, W.B., Kareenko, Vo & Sawaster, T.C. (2001). Ton
sources and injectors forheavy jon fusion linacs. Nucl, fnstrun,
Methods Phys, Res, A 464, 379-387,

Lamrer, M. & TimreNsack, M. (1983). An applicd voltage o
eliminate current (ransients in a one-dimensional dinde, Appl.
Piys. Lewr 43, 57-34.

Leg, E.P {1993). Heavy ion driven LMF design concept UC-421,
Report No. LBL-31248 revised, HIFANT21. Berkeley, CA:
Luwrence Berkeley National Laboratory.

Lrg, BEP (2000). [BX rough design, Proc, HIF-VNL tntegrated
Bewm Experiment Workshop, p. 166,

LEE. EP. (2002). HIF [RE Driver Deseription. Snowmass 2002
Fusion Energy Scicnces Summer Swidy, Presentations, July 1,

J.J Barnard er al.

2002, Available at hitp://www.pppl.gove/snowmass_2002/
presentations_july 10.htm.

LeE, E.P., FESSENDEN, T.J. & LasteTT, L. (1985). Transportable
charge in a periodic allernating gradient system. JEEE Truns.
Nucl, Sci. NS-26, 2489-2402,

Locan, B.G., CELaTA, C.M., Kwan, LW, Lk E.P, LEITNER
M., SunL, PA., Yu, 5.5., Barnarp, JJ., FRIEDMAN, A.,
Moz, W.R., Davinson, R.C. (2002), Overview of virtual
national laboratory ehjectives, pluns, and projects. Laver Purt.
Beamns 20, 369-375.

MEIER, W., BARNARD, L. Sanat, G., SHUMAN, D., WaLproN, W,
& Yu, 5. (2001). Cast considerations for [BX. Proc, HIF-VNL
Imtegrated Beant Experiment Workshop, p. 214,

Sannl, LL., LIETZKE, A., SEnL, PA., SHuman, D., Hinson, B.,
Mrunke, R.B., Luxnp, S.M., Mananan, B, MARTOVETSRY,
N., Gung, C.-Y.. Minerving L, MyatT, L. & SCHULTZ. 1.
{2001). Development of supereonducting magnets for beavy
ion fusion, Proc. 2001 Particle Accelerator Conference,

SunL, PA.. Baca, D., Bisnosek, FM., FaLTENS, A, Lunn,
S.M., MoLvik, AW, Prost, L.R. & Warpron, W.L, (2002).
The high current experiment, Loxer Part. Beains 21, 435-H4).




